Bacteriol. 87:136-144. 1964.-Study of the time course of hemolysis of rabbit erythrocytes by purified staphylococcal alpha-lysin revealed that the specific toxin-red cell reaction occurs during the prelytic period. This reaction could be prevented or decreased by alpha-lysin antitoxin added early, but not by antitoxin added at the end of the prelytic phase or at any time thereafter. In contrast, hemolysis is suppressed temporarily by sucrose and permanently by polyethylene glycol, even when these are added during the period of rapid release of hemoglobin. When sucrose is present together with alpha-lysin and red cells only during the prelytic period, and when the cells are then washed and resuspended in phosphate-buffered saline, their subsequent hemolysis is not altered by the presence of the sugar. This is not so when antitoxin is employed. When erythrocytes are laked by a measured excess of alpha-lysin, only a portion of the original hemolytic activity can be recovered. Repeated exposure of lysin to red cells produces a loss of activity represented by a linear function when logs of residual activity are plotted sequentially. Once alpha-lysin has reacted with red cells, it does not appear to be available for attachment to other erythrocytes.
course of hemolysis of rabbit erythrocytes by purified staphylococcal alpha-lysin revealed that the specific toxin-red cell reaction occurs during the prelytic period. This reaction could be prevented or decreased by alpha-lysin antitoxin added early, but not by antitoxin added at the end of the prelytic phase or at any time thereafter. In contrast, hemolysis is suppressed temporarily by sucrose and permanently by polyethylene glycol, even when these are added during the period of rapid release of hemoglobin. When sucrose is present together with alpha-lysin and red cells only during the prelytic period, and when the cells are then washed and resuspended in phosphate-buffered saline, their subsequent hemolysis is not altered by the presence of the sugar. This is not so when antitoxin is employed. When erythrocytes are laked by a measured excess of alpha-lysin, only a portion of the original hemolytic activity can be recovered. Repeated exposure of lysin to red cells produces a loss of activity represented by a linear function when logs of residual activity are plotted sequentially. Once alpha-lysin has reacted with red cells, it does not appear to be available for attachment to other erythrocytes.
Kinetic studies of hemolysis by purified staphylococcal alpha-lysin demonstrated that hemolytic activity is directly related to the duration of incubation and the concentration of toxin, and is inversely proportional to the log concentration of erythrocytes. Analysis of the time course of hemolysis revealed a sigmoid curve characterized by a prelytic lag phase and a period of rapid, linear release of hemoglobin tailing off asymptotically. The duration of lag;
was inversely proportional to alpha-lysin concentration; the rate of hemoglobin release was directly proportional to the quantity of toxin and red cells. The optimal rate of hemolysis occurred between 34 and 42 C. The lysin was unstable to heat and dilution . The shape of the curve of the time course of hemolysis observed in these studies resembled that of certain other bacterial toxins (Herbert and Todd, 1941; Bernheimer, 1947) . Bernheimer (1947) demonstrated and defined several stages in the hemolytic process by studying the effects of specific antibody and sucrose on the time course of lysis of rabbit erythrocytes exposed to the hemolysin of Clostridium septicum. "Split titration" studies of staphylococcal alpha-lysin were carried out by Lominski and Arbuthnott (1962) . They retitrated a partially purified toxin preparation as many as five times, and noted no decrease in activity even when six samples of erythrocytes were used. The results of their investigation confirm those of Forssman (1939) , but not those of Levine (1938) , who reported irreversible adsorption of the Freundlich isothermic type. The purpose of the present study was to define the specific steps in the reaction between staphylococcal alpha-toxin and rabbit erythrocytes by use of specific antiserum and osmotic stabilizers, and to investigate whether purified alpha-toxin is used up in this process.
MATERIALS AND METHODS Purified staphylococcal alpha-hemolysin was prepared by the method of Madoff and Weinstein (1962) . Rabbit erythrocytes were collected daily from the central artery of the ear, placed in Alsever's solution, washed twice in 0.155 M NaCl, and suspended in phosphate-buffered saline (PBS) containing 0.145 M NaCl and 0.01 M phosphate (pH 6.9).
The methods for measuring alpha-lysin activity, degree of hemoglobin release, 50% hemolysis, and the procedure for studying the time course of erythrocyte lysis, as well as the hemolytic unit (HU), were described previously .
Bovine serum albumin (bovine albumin powder, Cohn Fraction V, C-grade, Calbiochem) was added to PBS in a concentration of 1.0 g/100 ml in some phases of these studies to stabilize dilute purified alpha-lysin. A 1.5 M solution of sucrose was prepared in PBS. Polyethylene glycol (PEG) was made by adding one part of Carbowax 4000 (Union Carbide Chemical Co., New York, N.Y.) to seven parts of PEG (molecular weight 300). This material was solid at room temperature; after melting in a boiling-water bath, it remained liquid at 37C.
Alpha-lysin antiserum (horse) was obtained from the Wellcome Research Laboratories, Beckenham, England, and contained 900 units of antialpha-hemolysin per ml. This antitoxin was heated to 56 C for 30 min prior to use, and was appropriately diluted in PBS.
RESULTS
Effect on the hemolytic reaction of removal of alpha-lysin during prelysis. Purified alpha-lysin (titer 300 HU) was diluted 1:80 in PBS, and 20-ml portions were placed in each of two flasks (A and B); 20 ml of PBS were added to a third flask (E), and the three flasks were warmed to 37 C in a reciprocal shaker bath. To each flask were added 20 ml of a prewarmed 4% rabbit erythrocyte suspension (RRBC). Incubation was allowed to proceed for exactly 3 min. The suspensions were poured into chilled centrifuge cups, and were centrifuged immediately at 1,000 X g at 4 C for 2min.
The supernatant fluid from flask A was pipetted quantitatively into a fresh flask (C), and 0.8 ml of packed RRBC was added. Simultaneously, the alpha-lysin-exposed "button" of RRBC from flask A was resuspended to 40 ml in PBS. The "button" from flask B was resuspended in its own alpha-lysin-containing supernatant fluid and transferred to flask B'.
"Button" E was also resuspended in its own PBS and transferred to flask E'. At this time, an additional control (D), consisting of 20 ml of diluted alpha-lysin and 20 ml of the 4% RRBC suspension, was prepared. All flasks (A', B', C, D, E') were promptly returned to the 37-C shaker bath, and 2.0-ml samples were removed from each flask at specific intervals for determination of the per cent hemolysis. The results of these studies (Fig. 1) indicated that: (i) RRBC exposed to alpha-lysin during only a portion of the prelytic lag period, then resuspended in buffered saline (A'), still proceeded to hemolyze, although to a lesser extent than did cells which remained in PBS containing alpha-lysin (B'); and (ii) that the supernatant fluid from toxin incubated with RRBC for 3 min of the lag period contained sufficient residual alpha-lysin to hemolyze fresh red cells (C), although more slowly and to a lesser extent than did a control (D), which contained hemolysin not previously exposed to red cells. It was not possible to conclude from this study whether the decreased hemolytic activity noted when fresh erythrocytes were added to alpha-lysin previously exposed to RRBC represented irreversible utilization of toxin in the first red-cell exposure or simple inactivation of dilute alpha-lysin by heat.
Effect of the addition of antitoxin during various phases of the hemolytic reaction. To each of five rows of test tubes were added 1-ml samples of purified alpha-lysin (titer 320 HU) diluted 1:100 in PBS. After being prewarmed to 37 C in the shaker bath, 0.75-ml portions of a 4% suspension of RRBC, also heated to 37 C, were added to each tube at time 0. At appropriate intervals thereafter, a tube from each row was removed, and the degree of hemolysis was determined as described previously . A few seconds after 1 min, 0.25 ml of horse-serum antitoxin, diluted 1 :1,000 in PBS, was added to each remaining tube in the first row. The same quantity of antitoxin was added to each remaining tube in the second, third, and fourth rows after 2, 3, and 5 min, respectively. The fifth row served as a control.
A hemolysis curve of the expected shape with a 6-min prelytic lag phase, followed by a linear period of rapid lysis until maximal hemolysis was approached, was observed in the control (Fig. 2) . In sharp contrast, the tubes to which antitoxin was added after 1 min of incubation showed little hemolysis; those in which antibody had been put after 2 min, and later, exhibited an increasing degree of lysis until the rate and extent of hemolysis in the control row was approached ("5-min row"). Similar studies demonstrated that antitoxin added at time 0 completely inhibited the reaction. When it was added at or after the onset of the period of rapid lysis, it did not interfere with hemolysis. These data indicate that the hemolytic action of alpha-lysin occurs and is essentially completed during the lag period before hemoglobin is released from cells. Effects of sucrose or polyethylene glycol on hemolysis. A rate study was carried out as described above. Sucrose (1.5 M, 0.25 ml) was added to each tube remaining in the first row after 1 min of incubation; similar quantities were added to each remaining tube in the second, third, and fourth rows after 3, 5, and 7.5 min, respectively. In contrast to the previous study and others to be described, the tubes were kept in an ice bath until the last ones were removed from the 37-C shaker bath. They were all centrifuged simultaneously at 4 C, and the per cent hemolysis was determined (Fig. 3) .
The addition of sucrose caused prompt delay in release of hemoglobin from erythrocytes treated with alpha-lysin. The dip in the curves after addition of the sucrose suggested that lysis continued in the ice bath prior to centrifugation.
Data from studies in which 0.25-ml portions of PEG were substituted for sucrose are presented in Fig. 4 . After 9 min of incubation, PEG was added to one row, and sucrose simultaneously to another, without discernible difference in effect on hemolysis. In this experiment, all tubes were chilled in an ice bath for only 15 sec prior to centrifugation at 4 C; the dips after addition of PEG or sucrose were much more shallow than those illustrated in Fig. 3 .
This study demonstrated that PEG was as effective as sucrose. In fact, it completely prevented release of hemoglobin throughout the entire period of observation.
Comparison of the curves obtained when tubes were held in an ice bath until all were removed from the 37-C bath and then centrifuged at 4 C, with those observed when they were plunged into an ice bath for just 15 sec and then centrifuged in the cold immediately, indicates that signifi- cant hemolysis occurs while tubes are in the ice bath if incubation at 37 C has been of sufficient duration. This accounts for the dips in the hemoglobin-release curves after addition of sucrose or PEG. Since the rate of release of hemoglobin is so rapid during the linear period of hemolysis, even the 15-to 20-sec delay at the onset of centrifugation allowed for measurable hemolysis (Fig. 5) .
Effects of antiserum, sucrose, and PEG on hemolysis when added, then removed, during the prelytic lag period. This experiment was designed to examine the effect on erythrocytes of the addition of sucrose, PEG, or antiserum at the onset of incubation or early in the lag phase, and the effect of removal of these substances by washing and resuspending the cells in buffered saline.
Four flasks (A, B, C, and D), containing 20 ml of purified alpha-lysin (titer 160 HU) diluted 1:50, were placed in a shaker bath (37 C) for 1 min. To each flask were then added 15 ml of a prewarmed 4% suspension of rabbit erythrocytes. After 1 min, 5 ml of prewarmed PBS, PEG, sucrose, and antiserum were added to flasks A, B, C, and D, respectively. The contents of each were poured 1 min later into chilled cups and immediately centrifuged at 4 C for 2 min. The supernatant fluids were discarded and replaced with cold PBS. The red-cell "buttons" were resuspended and then promptly centrifuged for 2 min. The "buttons" were again suspended in PBS, transferred to fresh flasks A, B, C, and D, and incubated at 37 C. At timed intervals, 2-ml samples were removed from each flask, and per cent hemolysis was determined.
The results of this study indicated that sucrose did not alter subsequent hemolysis significantly when it was present only during the prelytic phase (Fig. 6 ). Exposure to antiserum during the same period completely prevented the hemolytic reaction, however. Both toxin-treated and untreated erythrocytes hemolyzed spontaneously when washed and resuspended in PBS to remove PEG. This was thought to be due to mechanical injury to the cell membrane caused by rapid shrinkage and expansion. It prevented observation of the effect of PEG on the prelytic phase. The addition of PEG, sucrose, or antiserum to the appropriate flasks simultaneously with the erythrocytes, rather than 1 min later in the early prelytic period, did not alter the results of this study.
Effects on hemolytic activity of exposure of alphalysin to rabbit erythrocytes. Although the experiments described above demonstrated that sufficient alpha-lysin remained in solutions exposed briefly to rabbit red cells to hemolyze additional . Hemolytic activity (HU) was measured after 30 min of incubation at 37 C and considered "original activity." A 1-ml sample of the supernatant fluid from the second tube, which was always completely hemolyzed, was retitered with a fresh 2% suspension of rabbit erythrocytes; this process was repeated three times.
Because Forssman (1939) suggested that a finite time period is required before alpha-lysin is "released" from hemolyzed red cells, the "second tube" in each titration was allowed to incubate 15, 35, and 45 min, respectively, in each of three separate experiments. The results were substantially identical; therefore, data from one representative study are presented in Table 1 and Fig. 7 . The studies were performed in duplicate; average activity is presented in the table. Alphalysin, serially diluted and incubated at 37 C, to which no erythrocytes were added constituted the control. A striking loss of activity occurred with each retitration; this was greatly in excess of that observed with the control toxin not previously exposed to red cells. When plotted semilogarithmically, the decrease in activity was linear (Fig. 7) . Activity loss by control toxin was variable.
Because of the possibility that loss of activity was caused by inhibition of alpha-lysin by the products of hemolysis which accumulated with each retitration, the "split titration" method was modified as follows. A portion of the 2% erythrocyte suspension was mechanically hemolyzed by repeated freeze-thawing. The red-cell ghosts were removed by centrifugation at 34,000 X g for 30 min at 4 C. This solution, which contained all the soluble products of mechanical laking of erythrocytes, was added to the control dilutions of alpha-lysin in the same manner in which whole cells were added to the experimental group. Decreases in alpha-lysin activity paralleled those observed when toxin lysed intact erythrocytes (Table 2, Fig. 8 ).
The results of these studies indicated that a loss of alpha-lysin activity occurred with each exposure to erythrocytes; this phenomenon did not appear to depend only on the toxin acting hemolytically; it was also influenced by the presence of soluble materials produced during mechanical disruption of erythrocytes.
An attempt was made to determine whether alpha-lysin, exposed to a sample of rabbit red cells, would hemolyze other erythrocytes added late in the prelytic lag period.
To each of three flasks (A, B, and C), each containing 20 ml of a 3 % suspension of prewarmed RRBC, were added 20 ml of dilute, purified alpha-lysin heated to 37 C. Buffered saline (20 ml) added to 3% red cells served as a control (D). The reaction mixtures were incubated in a 37-C shaker bath for 2 min, quickly poured into chilled cups, and centrifuged for 2 min at 4 C. The hemoglobin-free supernatant fluids were discarded and replaced with cold buffered saline. The red-cell buttons were suspended in the buffer and then recentrifuged for 2 min at 4 C. The supernatant fluids from this wash were again discarded and replaced with 20 ml of buffered saline, the cell buttons were re-suspended, and the contents of the cups were poured into fresh flasks, A', B', C', and D', respectively. To flask A' was added an additional 20 ml of buffered saline; to B', an additional 20 ml of 3% RRBC; to C', 20 ml of a 6% RRBC suspension; and, to D', 20 ml of buffer. The flasks were returned to the 37-C shaker bath, and 2.0-ml portions were removed at 1-min intervals. The optical density of the supernatant fluid was determined, and per cent hemolysis was calculated. The essentially identical hemoglobin-release curves demonstrated that the additional erythro- 
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FIG. 8. Effects on hemolytic activity of "split titrations" as in Fig. 7 . In this study, the "control" received hemoglobin-containing supernatant fluid. cytes did not lead to increased hemolysis (Fig. 9) . Because it was shown previously ) that increase in red-cell concentration increases the rate of hemolysis even in very dilute toxin, the results of this experiment indicate that, once alpha-lysin has reacted with erythrocytes, it is no longer available to react with others. It is used up in the hemolytic reaction or so tightly bound to the red-cell leaflet that it is not recoverable under any of the conditions examined in this study.
DIsCUSSION
Menk (1932) was the first to point out that the hemolysis produced by C. septicum toxin consisted of two phases: (i) combination of lysin with erythrocytes, and (ii) lysis of cells. Bernheimer (1947) studied the effects of sucrose and antitoxin on the time course of hemolysis. The present experiments are essentially similar to those of Bernheimer except that staphylococcal alpha-lysin was examined. This does not necessarily imply that these toxins are the same, or that their mechanisms of action are identical. Neither staphylococcal alpha-lysin nor C. septicum hemolysin, which most closely resembles alpha-lysin in the kinetics of the hemolytic reaction, have demonstrable lecithinase activity, a common property of numerous clostridial toxins (McFarlane, 1955) .
The present studies demonstrate that alphalysin exerts its effect in the prelytic period. The earlier in this phase that antitoxin is added, the greater is its effect in decreasing subsequent hemolysis; when added sufficiently late in the prelytic period, it is niot inhibitory. The shapes of a family of curves produced by addition of antitoxin after increasingly longer incubation in the prelytic period were found to be similar to those produced by increasing concentrations of alpha-lysin .
However, when sucrose and alpha-lysin were present only during the prelytic period, and when both were then removed, subsequent hemolysis was not significantly altered. The continued presence of 0.3 M sucrose markedly delayed lysis, and addition of this compound, even during the period of rapid release of hemoglobin, abruptly flattened the hemolysis curve, an effect quite distinct from that observed with antitoxin. PEG which, like sucrose, does not penetrate the red-cell membrane (Doebbler and Rinfret, 1962) also prevented further release of hemoglobin when it was added to toxin-erythrocyte mixtures. However, red cells exposed to this agent hemolyzed spontaneously when they were resuspended in buffer free of PEG. This effect may be related to the "mechanical trauma" produced by the rapid shrinking and subsequent swelling caused by the drastic osmotic changes. These results are compatible with those presented in the previous paper , and confirm the observation that the prelytic phase is integral to the hemolytic reaction, because duration of the lag period was inversely related to toxin concentration and varied with changes in incubation temperature; increase in temperature shortened the lag until thermal inactivation became prominent above 42 C.
Hemolysis resulting from the action of such varied agents as lipid solvents (Wilbrandt, 1941) , X-radiation (Ting and Zirkle, 1943) , C. septicum hemolysin (Bernheimer, 1947) , antibody and complement (Green, Barrow, and Goldberg, 1959) , and sulfhydryl inhibitors (Jacob and Jandl, 1962) occurs via a common pathway characterized by increased permeability of the cell to cations, and swelling just prior to lysis-"colloid osmotic swelling" (Wilbrandt, 1941; Davson and Danielli, 1939; Ponder, 1948) . Potassium ion release was demonstrated early in the prelytic period ) and cell-swelling just prior to "ghosting" was observed with phase microscopy confirmed by photomicrography (Cooper and Mitus, unpublished data) . Forssman (1939) suggested that the action of alpha-lysin is enzymatic because irreversible adsorption is not necessary for hemolysis. On the other hand, Levine (1938) contended that the adsorption of this toxin was not reversible, but conformed to the Freundlich adsorption isotherm. Lominski and Arbuthnott (1962) recently presented evidence of total recovery of alphalysin after hemolysis. By use of a "split titration" technique, they exposed alpha-lysin to six consecutive portions of red cells vwithout loss of hemolytic activity. The present study, in which highly purified toxin, stabilized in bovine serum albumin, was used, did not confirm these results. Activity was found to decrease in a linear fashion when plotted semilogarithmically. A similar loss of activity in controls exposed to the supernatant fluid of a suspension of mechanically lysed erythrocytes suggested inhibition by an unidentified substance. Decreases in activity in control titrations due to heating and dilution were much less than in those in which alpha-lysin mas exposed to erythrocytes. The difference between our data and those of Lominski and Arbuthnott (1962) cannot be explained at present.
Additional evidence indicating the irreversible nature of the toxin-cell reaction was the failure to demonstrate an increase in hemolysis when fresh erythrocytes were added to cells washed free of excess toxin.
Inability to recover alpha-lysin after hemolysis does not rule out the possibility that its action is enzymatic. Previous studies indicated that there are many more sites on the red-cell leaflet at which the toxin can react than are necessary for hemolysis. Lecithinase activity was demonstrated in clostridial hemolysins (McFarlane, 1955) , and Soule, Marinetti, and Morgan (1959) showed cleavage of bonds between sphingomyelin and protein, and degradation of the former in chicken erythrocytes hemolyzed by mumps virus. However, the relationship between these effects and the mechanism of the hemolysis produced by this agent has not been established. Studies of possible phospholipase activity in purified alpha-lysin are in process in this laboratory. Magnusson, Doery, and Gulasekharam (1962) and Doery et al. (1963) reported various phospholipase activities in culture filtrates of staphylococci producing alpha-beta toxin.
On the basis of the data presented in this paper, the following scheme is proposed as representing the steps involved in the lysis of erythrocytes exposed to alpha-toxin:
In phase I, which corresponds to the prelytic period, alpha-lysin is adsorbed to the erythrocyte, and, over a period of time, which is probably the rate-limiting step, it reacts with a structural component of the red-cell membrane causing loss of membrane integrity and "leakage" of particles of small molecular weight. This reaction is probably enzymatic in nature. It is quite sensitive to incubation temperature and the concentrations of the reactants, and is inhibited by specific antibody. Phase microscopy demonstrated that the duration of this stage is variable from cell to cell; that is, prelytic swelling, which occurs at the end of this phase, begins at different times in individual erythrocytes. Although the time interval before visible swelling may be many minutes when dilute toxin is used, the "life" of the "swollen cell" is only a few seconds.
Phase II, in which hemoglobin leaks from the swollen erythrocyte, is also brief. It does not require the presence of alpha-lysin, is not inhibited by antitoxin, and is little slowed at 4 C. This reaction can be delayed dramatically by raising the osmolarity of the suspending isotonic solution with such materials as sucrose and PEG. This phase appears to be the final common pathway for a wide variety of hemolytic agents, and is probably not enzymatic, but simply leakage through a badly damaged plasma membrane (colloid osmotic swelling).
Strikingly similar changes were observed when cells in tissue culture were exposed to purified alpha-lysin, with leakage of substances of low molecular weight preceding swelling of the cells and release of cell proteins (Madoff, Artenstein, and Weinstein, 1963) . The lethal action of this toxin is inhibited by incubating it with partially purified phospholipids of neural origin (North and Doery, 1961; Madoff and Dain, in prepara- tion). It is probable that the widespread action of alpha-lysin represents a primary action on cell membranes.
